Purpose: To compare MR hepatic fractional extracellular space (fECS) to liver stiffness (LS) with magnetic resonance elastography (MRE) for evaluation of liver fibrosis. Methods and materials: 71 consecutive patients with suspected chronic liver disease underwent standard liver MRI with MR elastography and additional delayed Gd-DTPA-enhanced sequences at 5 and 10 min in order to calculate hepatic fECS (%) and LS (kilopascals, kPa). Two radiologists blinded to clinical history examined MR images and calculated fECS and LS in identical locations for every patient. Interobserver agreement was calculated using the intraclass correlation coefficient. Pearson's correlation was calculated for LS and fECS measures, as was the area under the receiver operatic curve (AUROC), sensitivity and specificity of fECS to predict liver stiffness ‡2.93 and ‡5 kPa. The sensitivity of fECS for detecting fibrosis was separately analyzed in the subgroup of patients without anatomic findings of cirrhosis. Results: Substantial to excellent interobserver agreement for both LS and fECS measurements was seen with intraclass correlation of 0.88 (95% CI 0.81-0.92) for LS, 0.77 (95% CI 0.66-0.85) for fECS 5 and 0.76 (95% CI 0.64-0.84) for fECS 10 . A significant correlation was found between MRE and fECS 5 (r = 0.47, p < 0.0001) and fECS 10 (r = 0.44, p < 0.0001). The performance of fECS improved for detection of advanced fibrosis ( ‡5 kPa) with AUROC, sensitivity and specificity of 0.72, 38%, and 94% for fECS 5 and 0.72, 67%, and 66% for fECS 10 . Conclusion: fECS correlates modestly with MRE-determined LS. fECS at MRI is a simple calculation to perform and may represent a practical way to suggest the presence of fibrosis during routine liver evaluation.
of cirrhosis and to stage liver fibrosis. The limitations of biopsy include interobserver variability, sampling error, high cost, limited patient acceptance, and complications such as pain and hemorrhage [3, 5, 6] . These factors render biopsy inadequate for routine patient screening and serial evaluation of disease progression or response to treatment.
Noninvasive tests represent a potential cost effective alternative to biopsy for the detection and staging of liver fibrosis, and include several imaging methods. Conventional anatomic findings of cirrhosis (e.g., surface nodularity, parenchymal atrophy, etc.) have been shown to have low performance at US, CT, and MRI for the assessment of fibrosis and are insufficient for guiding patient management [7] [8] [9] . Dynamic enhancement techniques such as arterial enhancement fraction calculation have shown modest accuracy in predicting hepatic fibrosis [10, 11] . Ultrasound-and MRI-based methods which interrogate tissue stiffness in the form of elastography have demonstrated the best results for hepatic fibrosis detection and staging [8, 12, 13] . MR elastography is currently the most accurate noninvasive technique available for estimating hepatic fibrosis [12, [14] [15] [16] .
Evaluation of liver fibrosis has been performed using CT estimates of the hepatic fractional extracellular space (fECS) [17] [18] [19] [20] . The liver can be represented as a threecompartment model comprises the intravascular space, intracellular space, and extracellular space. Given time for equilibration, an extracellular contrast agent will diffuse through tissue to reach roughly equal concentrations within the intravascular and extracellular spaces of the liver. Fibrosis in liver is associated with increased extracellular space surrounding the collagen fibers; therefore, fECS in fibrotic regions will be higher than normal liver parenchyma. fECS calculated from attenuation measurements taken from noncontrast and 10-min delayed phase images have been shown to correlate well with patient MELD score and predictive of cirrhosis [18] .
MRI-based calculation of extracellular space for estimation of myocardial fibrosis has been performed and validated [21, 22] . MRI-based calculation of the hepatic interstitial volume has also been used for the study of liver amyloid deposition [23] . The T1 mapping technique used for estimation of T 1 values these prior studies is time consuming and not practical for routine clinical use. Simple signal intensity measurements, without T 1 mapping correction, taken at routine clinical MRI could be easily employed at routine liver evaluation with little additional scan time, no additional equipment, and minimal radiologist effort. To our knowledge this has not been previously studied. If reliable, the measurement of MRI fECS would be an easily obtainable estimation of hepatic fibrosis for use in routine clinical liver MRI. The purpose of this study was to test the hypothesis that a simple MRI-based calculation of fractional extracellular space correlates with a reference standard of liver stiffness (LS) measured using MR elastography.
Methods

Patients
The study was conducted with a retrospective, observational design. The study was HIPAA compliant and need for informed consent was waived by our institutional review board. Between the dates of January 1 2013 to April 8 2013, 71 consecutive patients with suspected chronic liver disease of any etiology undergoing contrastenhanced MRI with MRE as part of routine clinical evaluation were included in the study. Patients were assessed for adequate renal function with the estimated glomerular filtration rate per our institution's routine guidelines prior to IV contrast administration. Limited chart review was performed with recording of patient age, sex, and clinically diagnosed etiology of liver disease and hematocrit (HCT).
Imaging
All imaging was performed on a clinical 1.5T MRI system (Signa, GE Healthcare, Waukesha, WI) using a phased array torso coil.
MRE
Elastography was performed using a 19 9 15 cm passive driver secured with an elastic band over the liver. An active acoustic generator was used and transmitted 60 Hz vibrations to the passive drive by a 25-foot long vinyl tube. Shear waves within the liver were imaged using a 2-dimensional gradient echo-based MRE phase contrast sequence with the following parameters; TR/TE = 100/23.6 ms, bandwidth = ±31.25 kHz, flip angle = 30, FOV = 32-42 cm, matrix 256 9 92, slice thickness = 10 mm, gap = 5 mm. Four slices through the widest axial portion of the liver were acquired in each patient. Each slice was acquired with 12-16 s breath holds at end expiration. The wave images were automatically processed by an inversion algorithm to produce a stiffness map in units of kilopascals (kPa).
MRI
Standard imaging protocol included pre-and postcontrast-enhanced fat-suppressed T1-weighted liver acquisition with volumetric acceleration (LAVA) performed in the axial plane with 4 mm slice thickness. Postcontrast imaging was performed with three-phase dynamic acquisition (i.e., arterial, portal, and hepatic phases), and a 5-and a 10-min equilibrium-phase acquisition. Other sequences obtained included axial T2-weighted fat-suppressed fast spin echo, diffusion weighted imaging, in and opposed phase T1-weighted images, coronal T2-weighted single-shot fast spin echo. Gd-DTPA-BMA Gadodiamide (Omniscan, GE Healthcare) intravenous contrast was injected at routine clinical dosing of 0.01 mmol/Kg injected at a rate of 2-3 mL/s followed by a 30-mL saline flush. Gd-DTPA-BMA distributes into the vascular and extracellular interstitial spaces without intracellular accumulation [24] .
Image analysis
Two readers, including an abdominal fellowship trained radiology staff with 15 years of experience and an abdominal imaging radiology fellow, reviewed all imaging independently. A DICOM workstation (Advantage Workstation, GE Healthcare, Waukesha, WI) was used for image review which was performed over a 3-week period. Readers were blinded to all patient clinical information.
LS and fECS calculation
The calculations were performed on an Advantage Windows station (AW2.0, GE Healthcare, Waukesha, WI). LS was manually measured from the MRE stiffness map using oval-shaped region of interest (ROI) (Fig. 1) . A single ROI was placed on the liver on a single MRE slice in each subject and made as large as possible (>100 mm 2 ), while avoiding the liver capsule, fissures, regions of wave interference, vessels larger than 3 mm, masses, and regions of low statistical confidence [13] . LS values were translated into estimated fibrosis stages based on a reference scale, as previously reported in the literature [16] . For fECS measurements, readers measured the signal intensity of the aorta and liver on nonenhanced and both 5-and 10-min delayed enhanced images for each patient. Additionally, the liver ROI's on the MRE stiffness maps were mapped onto the corresponding locations on the precontrast and postcontrast images so that these measurements would be made in the same location. fECS was calculated based on the formula: %fECS = (Liver enh ‚ Liver nonenh )/ (Aorta enh ‚ Aorta nonenh ) 9 (1-HCT). Reader-specific estimates of fECS were obtained using the individual measurements obtained by each reader. The measurement of fECS and stiffness made by the more experienced reader were used for calculations of fECS performance. The measurements of fECS and stiffness made by the less experienced reader were used for calculation of interobserver variability.
Visual assessment of imaging findings of chronic liver disease
Anatomic imaging was also reviewed for evidence of cirrhosis according to the following five criteria: (1) morphologic changes of cirrhosis (nodular liver border, right lobar atrophy, caudate-right lobe ratio, widened fissures, right posterior hepatic notch), (2) visible bridging fibrosis, (3) regenerative nodules, (4) ascites, and (5) other findings of portal hypertension (splenomegaly, portosystemic shunts) (Fig. 2) . Each of the five criteria was graded on a 3-point scale 0-2, with 0 being absent, 1 equivocal finding, and 2 present. The scores of the five criteria were summed with total score >2 defined as obvious chronic liver disease.
Statistics
Interobserver agreement was visually examined using Bland-Altman plots. A quantitative analysis of interobserver agreement was conducted using the intraclass correlation coefficient (ICC) derived from a one-way random effects model. The ICC values were interpreted against the Landis and Koch thresholds for kappa (i.e., <0.20 slight agreement; 0.21-0.40 fair agreement, 0.41-0.60 moderate agreement, 0.61-0.80 substantial agreement, and 0.81-1.00 excellent agreement) [25] .
The association of LS and fECS was assessed with the Pearson's correlation test. In addition, a regression spline (restricted cubic B-spline) was fitted allowing seconddegree polynomials and three equally spaced 'knots' (points of inflection) to better estimate a functional form between fECS and MRE. Area under the ROC curve was used to quantify the ability of fECS to discriminate fibrotic from nonfibrotic tissue. At least stage 1 fibrosis ( ‡2.93 kPa as determined by MRE) and at least stage 4 fibrosis ( ‡5.0 kPa as determined by MRE) were separately modeled as ''fibrotic''. For each of the stiffness definitions, Youden's index was used to determine fECS threshold values to classify livers based on fECS. Area under the receiver operating curve (AUROC), sensitivity, specificity, and 95% confidence intervals were calculated for each fibrosis threshold at each fECS delay (5 and 10 min). To assess for ability of fECS and to detect fibrosis in the absence of anatomic change, the optimal fECS thresholds were compared with the subsets of patients without definite anatomic findings of cirrhosis. Statistical analysis was conducted using the SAS System version 9.3 (Cary, NC).
Results
Patients 71 patients (27 female, 44 male) were enrolled in the study. Mean patient age was 52 years (range 18-84). Chronic liver disease etiology included primary sclerosing cholangitis (21), hepatitis C (11), alcoholic liver disease (9), nonalcoholic fatty liver disease (7), nonalcoholic steatohepatitis (7), primary biliary cirrhosis (4), autoimmune hepatitis (3), congestive hepatopathy (3), chronic acetaminophen or methotrexate use (3), alpha 1 antitrypsin deficiency (2), hepatitis B (2), schistosomiasis (1), Wilsons disease (1), elevated liver function tests (1); 4 patients were diagnosed with multiple conditions affecting the liver. HCT was obtained on an average of 12.4 days within the MRI scan.
Imaging
Measured LS values had an average of 4.84 kPa (median 3.8 kPa, range 1.30-20.83). 5-min fECS (fECS 5 ) values had an average of 24.0% ± 6% (median 24.0%, range 9.0%-37.9%). 10-minute fECS (fECS 10 ) values had an average of 27.2% ± 6% (median 26.8%, range 12.5%-43.5%). fECS increased significantly by 3.5% (95% CI 3.5%-4.8%; p < 0.0001) between 5 and 10 min. Reader agreement was substantial to excellent for both LS measurement and fECS values with intraclass correlation of 0.88 (95% CI 0.81-0.92) for MRE stiffness, 0.77 (95% CI 0.66-0.85) for fECS 5 , and 0.76 (95% CI 0.64-0.84) for fECS 10 . Scoring of anatomic findings revealed 17 patients with obvious findings of liver fibrosis and 54 patients without obvious findings; with an average visual anatomic score for finding of chronic liver disease being 1.27 (range 0-6).
A statistically significant correlation was found between fECS and LS. Pearson correlation coefficient was 0.47 (p < 0.0001) and 0.44 (p < 0.0001) for fECS 5 and fECS 10 , respectively. Figure 3 shows the results of the splined fit of MRE regressed on fECS 10 . 49% of the variation in LS was explained by the fitted spline and the relationship had a statistically significant correlation (p = 0.0001).
The optimal threshold values obtained by Youden's Index for fECS 5 were ‡0.28 for LS ‡2.93 kPa and ‡0.30 for LS ‡5 kPa and for fECS 10 were ‡0.28 for LS LS ‡2.93 kPa and ‡0.27 for LS ‡5 kPa. Table 1 demonstrates the estimated performance of MR fECS 5 and fECS 10 for prediction of Stage 1 and Stage 4 fibrosis using the threshold calculated. AUROC for fECS 5 was 0.59 and 0.72 for stage 1 and 4 fibrosis, respectively. AUROC for fECS 10 was 0.53 and 0.72 for stage 1 and 4 fibrosis, respectively. This analysis shows that for the detection of Stage 1 fibrosis, fECS 10 is more sensitive than fECS 5 , with sensitivity increasing from 28% (95% CI 17%-43%) to 44% (95% CI 30%-58%), but does so at the expense of specificity. fECS 10 was also more sensitive than fECS 5 , for detecting stage 4 fibrosis [sensitivity of 38% (95% CI 21%-57%) and 67% (95% CI 47%-82%), for fECS 5 and fECS 10 respectively].
Of the 71 patients in the study cohort, 17 patients had definite imaging findings of chronic liver disease based on the previously described visual score. In the subgroup of 54 patients without definite morphologic findings of cirrhosis, 48% (26/54) had MRE stiffness values of 2.93 kPa or higher, indicating at least Stage 1 fibrosis. Using the fECS 10 min threshold of ‡28% for Stage 1 and higher fibrosis, fECS 10 would have identified 42% (11/26) of patients in this group. In the group of patients without definite morphologic findings of cirrhosis 13% (7/54) had LS ‡5 kPa indicating stage 4 fibrosis. fECS 10 min using a threshold of ‡28% would have detected 57% (4/7) of these patients. In the group of patients with LS <2.93 kPa (28/71), indicating normal liver stiffness, the fECS 10 min value was <28% in 75% (21/28). 
Discussion
Our study showed that a simple calculation of fECS performed at MRI has high interobserver agreement and correlates modestly with LS measured at MRE. The performance of calculated fECS improved with prediction of advanced fibrosis using the higher fECS cutoff values. The significant correlation between fECS and LS with MRE suggests that fECS may have potential role in the diagnosis and monitoring of patients with chronic liver disease. This is particularly important given the increasing prevalence of chronic liver disease and the need for cost effective methods of screening and monitoring. The performance of MR fECS in our study does not suggest that it would be a replacement for noninvasive assessments of fibrosis such as MRE or ultrasoundbased elastography. However, fECS may be useful at institutions in which these alternative techniques are not available or for patients already undergoing MRI. The added information is complementary to other quantitative MRI assessments of chronic liver disease such as those for hepatic steatosis and can be obtained without the radiation dose penalty imposed by CT.
The performance of fECS at MRI in our study was modest. When compared with CT measures of fECS, the performance was not as strong as that reported by Zissen et al. but was similar when compared with two subsequent reports [18] [19] [20] . There are several factors which may influence the accuracy of fECS measurement at MRI when compared with CT. One difficulty is obtaining accurate estimates of gadolinium concentration at MRI based on signal intensities. While measured attenuation at CT is directly proportional to iodinated contrast concentration, signal intensity of the liver at MRI is not directly proportional to gadolinium concentration and depends on many confounding factors [26, 27] . Without appropriate scaling factors and references of known gadolinium concentration, only an estimate of relative concentrations can be obtained by measuring absolute signal intensities at MRI. Gadolinium concentration is directly proportional to 1/T 1 and T 1 estimation can be obtained by employing mapping techniques which require obtaining additional sequences and performing additional calculations [21] [22] [23] 27] . While estimation of fECS using T1 mapping techniques may improve the performance of MRI for detection of fibrosis, the techniques currently available are not practical for routine clinical use.
Another factor which may influence MRI fECS when compared with CT is the difference in volume of injected contrast media. It has been shown that increased volume of contrast injection leads to improved delayed phase image quality when assessing fibrosis; the small contrast bolus at MRI relative to CT may lead to decreased contrast to noise ratio in the delayed phase [28] . Perfusion of the liver decreases in the setting of cirrhosis and decreased flow to an organ of interest delays the distribution of contrast to an equilibrium state [29, 30] . This could potentially exacerbate both the effect of small bolus volume on uniform extracellular distribution and the optimal timing of delay phase imaging leading to less [23] . However, the use of continuous infusion not practical for routine clinical use and prior studies performed in CT have shown efficacy of bolus techniques for identifying fibrosis when using as little as a 120 s delay [20] . The regional distribution of scar deposition in hepatic fibrosis is known to vary widely within the liver. MRI fECS has the potential to sample the entire liver volume. This represents a potential major benefit over techniques such as liver biopsy which samples a very small portion of the liver or elastography methods such as 2D GRE MRE which typically samples four 10 mm thick slices of the liver or ultrasound elastography which has limited tissue penetration and sampling. This study did not compare measurements taken from multiple locations within individual livers but multiple regions of interest could easily be used. Future study would be useful to assess the ability of fECS to detect regional variation of fibrosis. The nonuniform accumulation of gadolinium in the delayed phase also facilitates the use of scoring systems based on parenchymal heterogeneity [31, 32] . These systems have shown correlation with degree of parenchymal fibrosis and could potentially be combined with fECS measurement to increase accuracy of fibrosis detection.
One difficulty in making the diagnosis of cirrhosis is the fact that the liver can appear anatomically normal despite the presence of advanced fibrosis. Anatomic findings are known to have poor performance, particularly for detection of early fibrosis [7, 9] . Our results demonstrate the ability of MRI fECS to suggest the presence of fibrosis in the absence of anatomic findings of cirrhosis or portal hypertension (Fig. 4) . fECS has the potential to suggest the presence of fibrosis in many patients without diagnostic anatomic findings. The ability to detect these cases at routine MRI may represent a major clinical benefit of MRI fECS and may be particularly valuable in locations in which MRE is not available.
Several limitations of the study not discussed above are acknowledged. Our sample size was modest, and larger studies are required to establish the utility of fECS. Biopsy and histopathology would have been ideal to use as a gold standard reference, but was not practical to perform for purposes of our study which used examinations obtained for clinical purposes. MRE has a proven high diagnostic performance and can be reasonably viewed as an acceptable alternative to costly and invasive liver biopsy. Lack of liver biopsy does limit the study in that other potential causes of delayed contrast retention such as passive hepatic congestion or edema related to inflammation were not directly assessed. These conditions result in a potential expansion of the extracellular space and represent a confounding etiology for delayed phase gadolinium retention. Variable scar deposition and a relatively small ROI could have resulted in nonuniform stiffness calculations in our study due to sampling variability. This was likely minimized by the study design which entailed spatial correlation of fECS both and MRE measurement. While we would expect extracellular contrast agents to behave similarly, it is possible that use of an extracellular IV contrast agent other than gadodiamide could have led to different results. This could be assessed with a future study.
Conclusion
There is a modest but significant correlation between hepatic fECS measured at MRI and LS. The additional information obtained by measuring fECS at MRI may represent a practical way to suggest the presence of fibrosis during routine liver evaluation. The additional diagnostic information requires no extra equipment, minimal radiologist effort, and minimal additional scan time if a delayed phase of 10 min is acquired. 
